The deuterium-tritium (D-T) fusion reactor system is expected to provide the main source of electricity in the future. Large amounts of lithium will be required, dependent on the reactor design concept, and alternative resources should be found to provide lithium inventories for nuclear fusion plants. Seawater has recently become an attractive source of this element and the separation and recovery of lithium from seawater by co-precipitation, solvent extraction and adsorption have been investigated. Amongst these techniques, the adsorption method is suitable for recovery of lithium from seawater, because certain inorganic ion-exchange materials, especially spinel-type manganese oxides, show extremely high selectivity for the lithium ion. In this study, we prepared a lithium adsorbent (HMn 2 O 4 ) by elution of spinel-type lithium di-manganese-tetra-oxide (LiMn 2 O 4 ) and examined the kinetics of the adsorbent for lithium ions in seawater using a pseudo-second-order kinetic model. 
Introduction
The deuterium-tritium (D-T) fusion reactor system is expected to provide the main source of electricity in the future, without serious releases of hazardous products such as the tritium radioisotope. Lithium will be required in amounts that depend on reactor design. When liquid lithium is used as a tritium breeder and a coolant, lithium inventories are large [1] .
Lithium has recently been of great interest in many fields of science and technology. The demand for lithium has been increasing dramatically, because of its broad applicability as a raw material for large-capacity rechargeable batteries and light aircraft alloys for example. Lithium is now recovered from mines and salt lakes, which contain about 33 millions tons of lithium globally [2] . Although the amount of lithium available from those sources is currently sufficient, alternative resources should be found to satisfy lithium inventories for nuclear fusion plants and the increasing demand for batteries in the near future.
Seawater contains 230 billion tons of lithium in total [3] and has therefore recently become an attractive source of this element, and the separation and recovery of lithium from seawater, for example by co-precipitation, solvent ex- traction and adsorption, have been investigated [4] [5] [6] [7] . For both economic and environmental reasons, the adsorption method is the most promising for the recovery of lithium from seawater when a suitable adsorbent is available. Certain inorganic ion-exchange materials show extremely high selectivity for lithium ions, while organic ion-exchange resins seem to be unsuitable because of their low selectivity for the lithium ion [8] [9] [10] [11] . Among these inorganic adsorbents, spinel-type manganese oxides are interesting materials because of their extremely high selective affinity toward lithium ions [12] [13] [14] [15] [16] [17] . However, little information is available on the behavior of this adsorbent for adsorption of lithium from seawater. In this study, we prepared a lithium adsorbent by elution of spinel-type lithium di-manganese-tetra-oxide (LiMn 2 O 4 ) using two preparation methods and the adsorption kinetics for lithium ions in seawater were examined. The composition of the Li-type intermediates and Htype products were determined after dissolving the powder dissolving in a mixture of 30 wt% H 2 O 2 and 1 mol/L HCl by an inductively coupled plasma emission spectrophotometer (ICP-AES, Seiko Instruments, SPS3000). The characteristics of the crystal structure of the intermediates and products were measured using a powder X-ray diffractometer (XRD, Rigaku, Rint-2500).
Experimental

Preparation of adsorbent
Lithium adsorption in seawater
The H-type powder product (0.1 g) was added into modified seawater solution containing 1 mmol/L Li ion (200 mL), prepared by adding LiCl into seawater obtained from Imari Bay, Saga Prefecture, Japan, and stirred with a magnetic stirrer at 5, 25 and 60
• C. Aliquots (2.5 mL) of each sample were removed at varying time intervals during stirring to monitor the reaction over a period of 24 h. The aliquots were filtered and the concentrations of Li + in the filtrate were analyzed by ICP-AES. The corresponding amounts adsorbed (q Li [mmol/g]) and the recovery ratio (R [%]) were determined from the material balance, as follows.
where C Li0 and C Li are initial and analytical concentrations of Li
, and W is weight of adsorbent [g] . The pH of the aqueous phase was measured with a pH meter (Horiba F-23). Both products indicate the same peak patterns as the intermediate peaks. It is considered that the H-type product can be prepared by retaining the crystal structure of the intermediate after acid treatment, which means that Li + in the intermediate replace H + in the solution by ion exchange. It is noted that approximately 40% of Li + was eluted from both intermediates by the five acid treatments, meaning, to be precise, that both products were H 0.4 Li 0.6 Mn 2 O 4 .
Results and Discussion
Lithium adsorption in seawater
From these results, we conclude that the H-type product can be prepared by elution of spinel-type LiMn 2 O 4 intermediates using two preparation methods. Figure 3 shows the adsorbed amounts adsorbed and recovery ratios of lithium ions from modified seawater on (a) HMn 2 O 4 -1 and (b) HMn 2 O 4 -2 products at temperatures ranging from 5 to 60
• C as a function of reaction time. It is noted that the pH of the solution was held constant at pH 8.1 during the reaction. These figures results indicate that both HMn 2 O 4 products can adsorb lithium ions from seawater. With increasing reaction temperature, the amounts of lithium adsorbed were higher and the adsorption rates were faster. Lithium recoveries from modified seawater using both products reached approximately 100% at 60
• C. This means that Li adsorption at 60
• C approached 1.5 mmol/g with no residual Li + ions in the solution. Thus, both products can effectively recover lithium ions from seawater. The Li adsorption capacity of HMn 2 O 4 -2 was [18] . Therefore, the adsorbent made by slurry method has lower selectivity for Li ions than that made by the powder method, and Li adsorption is decreased by competition from other cations in seawater.
The experimental kinetic data were fitted using a pseudo-second order kinetic model [19, 20] :
where k (g/(mmol·h)) is the second order rate constant.
Equations (3) was applied in the time interval between t = 0 and t = t e (i. e. the equilibration time, which was usually different for the various adsorption systems). q e (mmol/g) is the amount of lithium adsorbed at t e . The values of k, q e , and R 2 (i. e. the linear correlation coefficient) are set out in Table 1 . From the R 2 values, it follows that the experimental data fit well to pseudo-second-order model, confirming that the adsorption process is second-order.
From the results for q e and k, it is evident that these parameters were dependent on temperature and their values increased with temperature, indicating that the lithium adsorption process is endothermic.
To gain insight into the thermodynamic nature of the adsorption process, several thermodynamic parameters for HMn 2 O 4 were calculated. The Gibbs free energy change, ΔG o , was a negative quantity. The free energy of the adsorption reaction is given by the following equation:
where K c is the adsorption equilibrium constant, R is the gas constant and T is the absolute temperature (K). The adsorption equilibrium constant (K c ) can be calculated from:
where F e is the fraction of lithium ions adsorbed at equilibrium time, and is obtained by the expression
where C 0 and C e are the initial and equilibrium concentrations of lithium ions in solution (mg/L). The values of K c for the adsorption of lithium ions on the adsorbent were calculated at different temperatures and at equilibrium time using Equations (5) and (6) . The variation of K c with temperature, as summarized in Table 2 , showed that K c values increased with increasing adsorption temperature, thus implying a strengthening of adsorbateadsorbent interactions at higher temperature. Also, the negative values of ΔG o obtained confirm the feasibility and the spontaneous nature of the adsorption process.
The Gibbs free energy can be represented as follows:
The values of enthalpy change (ΔH o ) and entropy change (ΔS o ) calculated from the intercept and slope of the plot of ΔG o versus T , Fig. 4 , are also given in Table 2 . The change in ΔH o was found to be positive, confirming that the adsorption process is endothermic, which means that Li adsorption mainly depends on an endothermic ion exchange reaction. The positive values of entropy (ΔS o ) Table 2 Thermodynamic parameters for the adsorption of lithium from modified seawater on HMn 2 O 4 -1. show increased randomness at the solid/solution interface with some structural changes in the adsorbate and adsorbent. The activation energy for lithium adsorption in modified seawater was calculated by the Arrhenius equation
where ΔE is the activation energy (kJ/mol), A is the frequency factor. From the plot of ln(k) vs. 1/T (Fig. 5) , the activation energy for the adsorption of lithium in modified seawater was found to be 66.35 kJ/mol. It is considered that the desorption of Li + in the adsorbent by H + is 6.85 kJ/mol, which means that the lithium recovery process from the adsorbent needs lower energy than the adsorption process.
Conclusion
We prepared a lithium adsorbent (HMn 2 O 4 ) by elution of spinel-type lithium di-manganese-tetra-oxide (LiMn 2 O 4 ), and the kinetics of the adsorbent for lithium ions in seawater were examined using a pseudo-secondorder kinetic model. The intermediates, LiMn 2 O 4 , can be synthesized from LiOH·H 2 O and Mn 3 O 4 , and the adsorbent, HMn 2 O 4 , which can recover lithium ion from seawater, can be prepared from the intermediates via acid treatment. The adsorption kinetics of lithium ions from modified seawater follows a pseudo second-order model and the temperature of the solution influences the lithium adsorption. The amount and rate of lithium adsorption both increase with increasing temperature of the solution. Lithium adsorption from seawater using the adsorbent was an endothermic and spontaneous process.
